stance immunohistochemically detected in the nervous system of crustaceans (Beltz and Kravitz, 1983) and it has been mapped in numerous arthropod species, both in adult and in larval specimens (Battelle et al., 1999; Harzsch and Waloszek, 2000) . It is believed that in decapods, serotonin may act in both the central and peripheral nervous systems, controlling the threat postures and escape mechanisms that characterize agonistic encounters (Harris-Warrick and Kravitz 1984; Yeh et al., 1997) , as well the rate of heart beat (Listerman et al., 2000) .
Serotonin-like immunoreactivity has been also detected in the adult barnacle central nervous system (Tagliafierro et al., 1989; Callaway and Stuart, 1999) ; although experimental data are not yet available in literature, it has been suggested that serotonin may play a role in barnacle limb motility (Callaway and Stuart, 1999) .
Barnacles are cirripedian crustaceans, with strongly reduced head and abdomen. For their sessile adult condition, and their ability to adhere to any kind of natural or artificial substrate, they are considered to be among the most important constituents of animal fouling (Christie and Dalley, 1987) . Thoracican barnacles generally have six naupliar and one cyprid planktonic larval stages (Newman, 1987) . The cyprid is specialized for settlement, and metamorphosis : it initiates an exploratory period, passing
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In this work, the presence and distribution of serotonin in the cyprid of the barnacle Balanus amphitrite were investigated by immunohistochemical methods. Serotonin-like immunoreactive neuronal cell bodies were detected in the central nervous system only. Various clusters of immunoreactive neuronal cell bodies are distributed in the brain (protocerebrum, deutocerebrum, optical lobes), and at least, four pairs of neuronal cell bodies were detected in the centrally positioned neuropil of the posterior ganglion. Rich plexuses of immunoreactive nerve fibers in the neuropil area were also observed. Furthermore, bundles of strongly immunoreactive nerve fibers surrounding the gut wall were localized, and immunoreactive nerve terminals in the antennules and compound eyes were observed. These data demonstrate the presence of a serotonin-like immunoreactive substance in the barnacle cyprids; furthermore, its immunolocalization in the cephalic nerve terminals allows us to postulate the involvement of this bioactive molecule in substrate recognition during the settlement process.
through a series of reversible bindings to the substrate, adheres irreversibly to the selected structure by the cement gland secretion (Crisp, 1984; Strathman, 1987; Walker et al., 1987) , and finally metamorphoses into a sessile juvenile organism (Walker, 1971; Okano et al., 1996) . The neurobiology of the barnacle is well known, its central nervous system (CNS) is constituted by a simple bilobed structure of the supraesophageal ganglion and by a ventral ganglionic mass referred as thoracic ganglion or subesophageal ganglion; the two structures are joined by circumesophageal connectives (Gwilliam and Cole 1979; Gwilliam, 1987) . At present, only few neurotransmitters or bioactive molecules have been immunodetected in the CNS of adult barnacles: histamine and serotonin in Semibalanus cariosus, Balanus nubilus and Pollicipes polymerus (Callaway and Stuart, 1999) , pigment dispersing hormone (PDH) and crustacean cardioactive peptide (CCAP) in Balanus balanus, Balanus perforatus and Chirona (balanus) hameri (Webster, 1998) , serotonin and FMRFamide in Balanus amphitrite (Tagliafierro et al., 1989; Gallus et al., 2001) . Also the neurobiology of the CNS of the barnacle's larval stages has been recently studied; its nervous system is constituted by two thousand neurons only, well organized for the coordination of the compound and median eyes, the antennules and the setae, which are fundamental for substrate recognition and adhesion (Walker, 1992; Harrison and Sandeman, 1999) .
The presence of a few signal molecules was suggested by experimental tests or immunohistochemical methods: histamine in B. amphitrite (Stuart et al., 2002) and acetylcholinesterase in B. amphitrite (Faimali et al., 2003) . Furthermore, in the cyprid of B. amphitrite, serotonin and dopamine were detected by HPLC (Yamamoto et al., 1999) , and an aromatic L-amino acid decarboxylase (AADC) gene, the product of which catalyzes, respectively, the synthesis of serotonin and dopamine from L-5-hydroxytryptophane and L-3,4-dihydroxyphenylalanine, was furthermore characterized (Okazaki and Shizuri, 2001) . The role of serotonin in settlement and metamorphosis was indicated by numerous settlement tests (Kon-ya et al., 1995; Yamamoto et al., 1996; Yamamoto et al., 1999) . Nevertheless, no data are until now available about the distribution of serotonin-like immunoreactivity in the barnacle larvae.
The purpose of this paper was to study the presence, distribution and localization of serotonin-like substances in the B. amphitrite cyprids by immunohistochemical methods. The distribution of cyprid serotonergic neurons will be compared to that of other crustacean species as recently reviewed by Harzsch and Waloszek (2000) .
Materials and Methods

Biological material
Cyprids were obtained from laboratory cultures of brood stock of Balanus amphitrite amphitrite Darwin (Rittschof et al., 1992) . Twenty to thirty adult barnacles were reared in 700 ml beakers containing aerated filtered sea water at 28±1°C, with a 16h:8h light:dark (L:D) cycle. They were fed every two days with 50-100 ml Artemia salina sp. at the concentration 20 larvae mL .The water was changed three times per week and barnacles were periodically rinsed with fresh water to remove epibionts and other debris. Adult barnacles, reared under such conditions, produce nauplii throughout the year. Nauplii were collected and reared in 500 ml beakers on Tetraselmis suecica (5×10 5 cells mL -1 ) in 0.22 µm filtered seawater, at 28±1°C with a 16h:8h L:D cycle, until they reached the cyprid stage.
Histological and immunohistochemical methods
About 200 zero to five day-old cyprids were used. They were anesthetized with 3-aminobenzoic acid ethyl methanesulfonate salt (Sigma, USA) (1:1000 in sea water) and the cyprid body was fixed in 4% paraformaldehyde in 0.1M phosphate buffer saline, pH 7.4 (PBS). In order to enhance neuronal cell body immunoreactivity (as suggested by Yamamoto et al., 1998) , further 100 cyprids were treated with colchicine (Sigma, USA) (0.03% in sea water) for 30 minutes before anesthesia and fixation. Subsequently the cyprids were PBS rinsed, dehydrated, and embedded in paraplast (Bioptica, Italy). Dewaxed transversal and longitudinal serial sections (5 µ thick) were pre-incubated with normal goat serum (1:50), immunohistochemically treated overnight at room temperature with a rabbit polyclonal anti-human serotonin antiserum (prediluted, Biomeda, USA), PBS rinsed and alternatively treated, for two hours at room temperature, with a goat fluorescein isothiocyanate (FITC)-conjugate anti-rabbit immunoglobulin (1:200, DAKO, DK), or with a goat Alexa-488-conjugate anti-rabbit immunoglobulin (1:800, Molecular Probes, NL) as secondary antiserum. The DAPI nuclear counter-stain (diamino-4',6-diamidino-2-phenylindole-dihydrochloride-hydrate) (Sigma, USA) was used for visualizing the localization of the immunoreactivity in the neuronal compartments. The fluorescence was observed on a BX 50 Olympus epifluorescence microscope, with the filter for DAPI, FITC and tetramethyl rhodamine isothiocyanate (TRITC) fluorochromes, equipped with an Olympus Camedia 4040 digital photographic camera. Specificity controls, such as the substitution of the serotonin antiserum with a non-immune serum and the use of the preabsorbed serotonin antiserum with its antigen (10 µg/mL of the diluted primary antiserum), were performed. About 100 cyprids and 60 colchicine treated cyprids were observed. Cyprid histomorphology was studied through haematoxylin and eosin staining.
Results
The CNS of the barnacle cyprid consists of a brain (B) and a posterior ganglion (PG) (Harrison and Sandeman, 1999) , connected to each other by paired circumesophageal connectives ( Figure 1A) . The CNS is composed of a centrally positioned neuropil (np) surrounded by cortical neuronal cell bodies ( Figure 1B) .The brain can be subdivided in protocerebrum (PC) and deutocerebrum (DC). No signs of tritocerebrum can be observed. The protocerebrum presents three regions, two optic lobes (OL) that are anterolateral extensions of the brain, one dorsofrontal region and one median protocerebral region. The deutocerebrum shows the median deutocerebral neuropil and is connected to the antennules via antennular nerves. The posterior ganglion (PG), with the ventral cord, is composed of several fused parts: the anterior portion, deriving from three sub-esophageal neuromeres, and the 343 Original Paper posterior portion deriving from the remaining six subdivisions, corresponding to the thoracic ganglia. Cyprid histomorphology and the segmentation of central nervous system were extensively described by Harrison and Sandeman (1999) .
Immunohistochemistry
Serotonin-like immunoreactivity was localized throughout the nervous system of B. amphitrite cyprids. Its distribution and the intensity of the immunoreaction are related to the colchicine treatment. Using the anesthetic as pre-fixing agent only, the immunoreactivity was mainly detected in thin nerve fibers located both in the CNS and peripheral organs; the neuronal cell bodies were faintly immunoreactive.
The pre-anesthesia colchicine treatment intensified neuronal cell bodies immunoreactivity and modified the appearance of the neuropil nerve fibers which were characterized by large and strongly immunoreactive varicosities. In this condition, no immunoreactivity was detected in the peripheral organs.
All specificity controls, both in colchicine or in the non-colchicine treated cyprids, gave negative results. The distribution of serotonin immunoreactive neurons and nerve fibres in the cyprid nervous system is indicated in Figure 1B . The drawing is based on the findings from both colchicine and non colchicine treated animals.
In the colchicine treated specimens, at least seven immunoreactive neurons were detected in each optic lobe: a cluster of three strictly adjacent neurons were localized in the ventral apical area, near the eye ( Figure 1C) , as well as two clusters, of one pair each, in the dorsal region ( Figure 1D ). A few immunoreactive nerve fibers, running longitudinally towards the median protocerebral neuropil area and a dense meshwork of immunoreactive fibers were also seen traveling along the median protocerebral neuropil to the deutocerebral neuropil area ( Figure 1E ). In the dorso-frontal protocerebral region, two contralateral pairs of roundish serotonergic neurons were detected; their arcuate processes extend to the neuropil area (Figure 2A ). In the median protocerebral region there were two contralateral clusters of immunoreactive neurons: two strictly adjacent neurons were present in the former while four neurons could be found in the latter ( Figure 2B ). Two contralateral clusters of immunoreactive neurons were present in the dorsal portion of the deutocerebrum, near the exit of the antennular nerve; they probably send varicose immunoreactive nerve fibers along the whole antennule, up to the distal end, as can be seen in the non-colchicine treated specimens ( Figure 2C ). Furthermore, in the non-colchicine treated specimens, immunoreactive nerve terminals were also present in the optic nerve and compound eye ( Figure 2D ). Bundles of strongly immunoreactive fibers moved from the brain to the circumesophageal connectives that surround the gut ( Figure 2E ).
In the posterior ganglion, only four contralateral pairs of immunoreactive neurons were observed: one anterior and one posterior immunoreactive neuron in the hemiganglion of the sub-esophageal division and in the first thoracic neuromere (Figsure 2 F-G-H). The other ganglia of the thoracic subdivisions did not present serotonin immunoreactive neurons. Furthermore, two strongly immunoreactive medial longitudinal tracts were observed (Figure 2 I ). In the non colchicines treated cyprids, serotonin immunoreactive nerve fibres were also observed along the thoracic limbs (not shown).
Discussion
The present results provide the first anatomical description of serotonin-like immunoreactivity in the nervous system of B. amphitrite cyprids. Its presence was previously determined in cypris larvae by HPLC (Yamamoto et al., 1999) , and later confirmed by Okazaki and Shizuri (2001) with the identification of the aromatic L-amino acid decarboxylase (AADC) gene. In B. amphitrite cyprids, both immunoreactive neuronal cell bodies and nerve terminals were observed.The faint immunolabelling of the neuronal cell bodies was overcome by the use of colchicine as pre-fixing agent. Colchicine destroys microtubule organization and interrupts axonic transport; as a consequence, the neurosecretion is accumulated in the cell body or in the proximal portion of its cytoplasmic extension, located in the neuropil area. The distribution of serotonin immunoreactive neurons in the cyprid differed from that observed in the adult barnacle (Callaway and Stuart, 1999) ; in particular, in the brain region of adult barnacle, at least 14 serotonin immunoreactive neurons were found in each hemiganglion. Although no data are available for the adult of B.
amphitrite, in the adult brain of B. nubilus (Callaway and Stuart, 1999) , three pairs of small serotonin immunoreactive neurons have been found, and they probably correspond to one of the immunoreactive neurons of the median protocerebral dorsal region and to the immunoreactive neurons near the antennular nerve exit. This difference can be related to the presence of a complex system of sensory organs, such as the compound lateral eyes and the antennules in the cyprid head, which are reduced or lacking in the adult.The small number of serotonergic neurons identified in the adult barnacle brain seems to be related to median ocellus; an interaction of serotonergic neurons with histaminergic neurons in the optic pathways has been previously suggested by Callaway and Stuart (1999) . The serotonin immunoreactive neurons in the cyprid, particularly numerous in the optic lobe protocerebral and deuterocebral regions, may be involved in the visual pathways as well as in the control of the antennule movements (Schmidt and Ache, 1996; Cate and Derby, 2001; Lagersson and Hoeg, 2002) . Serotonergic neurons localized in the brain are probably responsible for the innervation of the chemoreceptive distal antennular portion, as well as of the compound eyes. In this way, visual information through serotoninergic neurotransmition might affect substrate recognition.This hypothesis is supported by previous experiments which demonstrated that serotonin can influence settlement processes (Yamamoto et al. 1996; Rittschof et al. 2003) .
Fewer serotonin immunoreactive neurons were instead found in the cyprid posterior ganglion in comparison to the adult counterpart (Balanus cariosus) where at least fourteen immunoreactive neurons were found (Callaway and Stuart, 1999) . The first two pairs of immunoreactive neurons in the cyprid posterior ganglion may correspond to the anteriormost pairs of neurons in the posterior ganglion of adult acorn barnacle, innervating the anterior part of the body.The two other pairs of neurons in the first thoracic segment may correspond to those still present in the adult barnacle. At present, there are no data on the role played by these neurons. As already stated by Callaway and Stuart (1999) , it is very improbable that serotonin could act as a neurotransmitter on cirral muscular structures, since only three out of six cirral nerve roots in the adult and only one out six in the cyprid show serotonin immunolabelling. Nevertheless, the patterns of serotonergic neurons in the first thoracic ganglia of the cyprid, costituted by an anterior and a posterior bilateral pair of neurons, is similar to those observed in other Crustacea as described by Harzsch and Waloszek (2000) . Since there are numerous species differences among barnacles, a better comparison on the serotonergic system could be made by studying the adult counterpart of the same species B. amphitrite.
